Ovarian cancer is a fatal gynaecological malignancy in adult women with a five-year overall survival rate of only 30%. Glycomic and glycoproteomic profiling studies have reported extensive protein glycosylation pattern alterations in ovarian cancer. Therefore, spatio-temporal investigation of these glycosylation changes may unearth tissue-specific changes that occur in the development and progression of ovarian cancer. A novel method for investigating tissue-specific N-linked glycans is using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) on formalin-fixed paraffinembedded ( Ovarian cancer is the fifth most fatal malignancy in adult women with an estimated 21,290 new cases diagnosed and 14,180 deaths recorded in the United States during 2015 (1). There are several reasons for the poor prognosis of ovarian cancer and its diagnosis at advanced stage-lack of diagnostic markers for the early detection (2, 3), rapid metastasis of the disease (4), and limited or modest understanding of the etiology, origin and the diverse clinical and pathological behavior of the tumors (5). Moreover, epithelial ovarian cancer comprises of several distinct sub-types based on their histopathological features into serous, endometrioid, clear-cell, mucinous, and undifferentiated subtypes (6, 7).
as neo-expression of glycans are hallmarks of various cancers (10 -12) . These glycomic changes facilitate the discrimination between healthy and cancerous cells or potentially reflect tumor microheterogeneity caused by the variation between cancer subtypes (13, 14) . Increased branching of N-glycans is a commonly observed glycosylation change in cancer, which has been shown to alter the overall structure and function of the glycoprotein (15) (16) (17) . For example, the synthesis of increased branching antennas on the glycans creates available sites for the addition of sialic acids (Neu5Ac) by sialyltransferases, leading to increased sialylation being reported in many cancers (18 -21) . Similarly, changes in the expression of long chains of lactosamine (polyLacNAc) have also been reported to be associated with cancer (15) . Likewise, terminal modifications of glycans on the cancer cell surface, such as fucosylation, give rise to the presence of Lewis and sialyl Lewis antigens that have been implicated in tumor progression and metastasis (22) (23) (24) (25) (26) . These aberrant glycosylations play a significant role in malignant transformation and therefore afford a valuable opportunity to exploit cancer-specific protein glycosylation markers for prognosis and diagnosis (16) .
Mass spectrometry (MS)-based glycomic methodologies are now regularly used for the reliable profiling of glycans from clinical samples (17) (18) (19) (20) (21) (22) . In fact, MS identification and measurement of glycans are being pursued as a structurallyinformative approach as opposed to the clinically-established immunological assays (23) (24) (25) or arrays (26) . Several quantitative glycomic profiling studies have identified N-glycan changes that were statistically elevated in ovarian cancer patients' plasma (17, (27) (28) (29) . A significant increase in branching and sialylation patterns as well as increased expression of ␣2-6 sialylation in ovarian cancer plasma as compared with healthy controls have been reported (28) . Saladova et al., reported specific N-glycosylation changes on serum glycoproteins from ovarian cancer patients, including a decrease in galactosylation of IgG and an increase in sialyl Lewis X (SLe(x) on haptoglobin beta-chain, alpha1-acid glycoprotein and alpha1-antichymotrypsin (30) . We have also observed membrane glycosylation changes between non-cancerous ovarian surface epithelial (HOSE 6.3 and HOSE 17.1) and serous ovarian cancer cell lines (SKOV 3, IGROV1, A2780, and OVCAR3) (31) . The "bisecting N-acetyl-glucosamine" type N-glycans, increased levels of ␣ 2-6 sialylated N-glycans and "N,NЈ-diacetyl-lactosamine" type N-glycans were predominantly observed in serous ovarian cancer cell lines while absent in the noncancerous ovarian cells. Most of these studies yielded clinically relevant information on the differential expression of glycans, but the major focus of their analysis was on plasma based tests to differentiate between healthy and diseased patients rather on the spatial tissue location of the expressed glycans.
To address this challenge, we have employed glycomic profiling strategy to first identify the detailed N-glycan structural changes that occur on different regions of FFPE ovarian tissues clinically diagnosed as serous ovarian cancer. Routine mass spectrometric glycoanalysis is well-established and reliable, but the analysis of whole tissues destroys any information relating to the spatial distribution of the analytes. Matrix-assisted laser desorption/ionization (MALDI) 1 mass spectrometry imaging (MSI) is an emerging technique that seeks to utilize the analytical advantages of mass spectrometry while preserving the spatial information of the biological molecule of interest inherent in the sample. The unambiguous correlation between histopathology and MALDI-MSI allows the mass measurement of sugars, proteins, peptides, lipids, and metabolites directly from tissue regions. The distribution and intensity of the detected biomolecules can then be visualized as an image. Furthermore, conventional histological staining can be compared on the same tissue section. Overlaying the MS images and optical microscope morphological images then can differentiate the specific molecules in each minute tissue section and can relate molecular distribution to the biological functions and morphological changes of an organ/organelle.
MALDI-MSI can be used for both targeted and untargeted molecular mass analysis. A typical example of a targeted analysis is the measurement of a single metabolite mass distribution in tissue, whereas untargeted analysis could include the mass distribution of biomolecules such as protein, lipid or carbohydrates in a tissue. Some MALDI-MSI applications include gaining a fundamental understanding of the expression of biomolecules in a disease state, investigating and characterizing the biomolecules spatially across tissue sections, and developing new ways of imaging in situ There have been a few MALDI-MSI based analyses on the spatial localization of N-glycans on tissue (32) (33) (34) (35) . Recently glycan MALDI-MSI was used to image released glycan masses from Tissue MicroArrays (TMAs) of liver cancer in which many small tumor tissue samples from different patients were assembled on a single slide, and provided proof of concept that released glycans could be imaged on FFPE liver cancer tissue sections (33) .
Specifically, in this study we (1) identify the structural glycan features that are characteristic of serous ovarian cancer specimens by detailed PGC-LC-ESI-MS/MS, (2) use this information to identify a panel of tissue-specific glycan markers in 1 The abbreviations used are: MALDI, matrix-assisted laser desorption/ionization; MSI, mass spectrometry imaging; FFPE, formalinfixed paraffin-embedded; CID, collision-induced dissociation; ESI, electrospray ionization; LC, liquid chromatography; MS/MS, tandem mass spectrometry; GnT-V, N-acetylglucosaminyltransferase V; NeuAc, N-acetylneuraminic acid; NeuGc, N-glycolylneuraminic acid; Man, mannose; PGC, porous graphitized carbon; PNGase F, peptide-N-Glycosidase F; Le a , Lewis a antigen; Gal, galactose; Fuc, fucose; GlcNAc, N-acetylglucosamine; ITO, Indium tin oxide; TFA, Trifluoroacetic acid; DHB, 2,5-Dihydroxybenzoic acid; EtOH, Ethanol; H&E, haematoxylin and eosin.
order to discriminate between tumor and nontumor tissue by high resolution MALDI-MSI, and (3) perform a rigorous evaluation of the tissue diagnostic glycan structures using independent statistical procedures. It is envisioned that the identification of the differential localization of glycan structures may improve ovarian cancer diagnosis and further lead to novel therapeutic strategies to improve survival rates for this malignancy.
MATERIALS AND METHODS
Reagents-Glycerol free PNGase F (P0705L, 75,000 NEB units) was purchased from New England Biolabs (Ipswich, MA). DHB matrix were purchased from Sigma-Aldrich (Steinheim, Germany) and Bruker Daltonics (Bremen, Germany). Formalin was from Sigma-Aldrich. Trifluoroacetic acid (TFA), ethanol and NaCl were from Merck (Darmstadt, Germany). Nitrocellulose membranes (0.025 m VSWP) for dialysis were purchased from Millipore (Cork, Ireland). Xylene was purchased from Chem-Supply (Gillman, South Australia). Indium tin oxide (ITO) slides were purchased from Bruker Daltonics, whereas PEN membrane slides were from MicroDissect (Herborn, Germany Tissue Sectioning-Tissue sectioning was performed as previously described with some minor modifications (36) . Ovarian tumors tissue was taken from FIGO stage III ovarian cancer patients as part of experiments with full ethics approval and in accordance with the policies of the University of Adelaide Ethics Committee. Formalin was diluted 1:9.25 in 1ϫ PBS and tissues were immersed in this solution overnight at 4°C. Tissue was then removed from the formalin, rinsed with de-ionized H 2 O and stored in 70% EtOH before processing with a Leica TP 1020 processor (Leica Biosystems, North Ryde, Australia). Protocol: 70% EtOH for 5 min, 80% EtOH for 2 h, 95% EtOH for 2 h, 3 ϫ 100% EtOH for 2 h each, 2ϫ xylene for 2 h each and 2ϫ paraffin for 2 h each. A Leica EG 114OH embedder (Leica Biosystems) was used to create paraffin embedded tissue blocks. FFPE blocks were sectioned (6 m thick) on a Microm HM325 microtome (Zeiss, Gö ttingen, Germany) and water bath mounted (39°C) onto ITO slides (Bruker Daltonics) or PEN membrane slides (MicroDissect). Slides were left to dry at 37°C for one hour prior to storage at 4°C.
PGC-LC-ESI-Ion Trap MS and MS/MS Analysis of N-glycans Released from FFPE Tissue Sections-
In-solution PNGase F Digestion-Tissue sections on PEN membrane slides (n ϭ 3) were used and processed as described previously (34), with modifications. Briefly, following a 5 min 60°C heating block incubation, 90 s xylene wash and 60 s EtOH wash, the whole FFPE tissue section was scraped off slide by a scalpel and deposited into micro-vials. The tissue sections were incubated (2 ϫ 5 min) in 10 mM NH 4 HCO 3 . Solution was removed and replaced with 10 mM citric acid (pH 6) and heated at 98°C for 45 min. The samples were washed twice with 10 mM NH 4 HCO 3 . Glycerol free PNGase F (2 l, nondialyzed) was added to the FFPE tissue in a 40 l total reaction volume (with 25 mM NH 4 HCO 3 ). The tissue digests were left overnight at 37°C.
N-linked Glycan Release-The released N-linked glycans were reduced and desalted according to previously described methods (34) . After acidification with 100 mM NH 4 COOH pH 5 (10 l) for 60 min at room temperature, the samples were dried in a vacuum centrifuge and were reduced with 20 l of 1 M NaBH 4 in 50 mM KOH at 50°C for 3 h. The reduction was quenched with 1 l glacial acetic acid and the N-linked glycan alditols were desalted as described below.
Glycan Purification-The released N-glycans were desalted using cation exchange columns comprising 30 l AG50W-X8 cation-exchange resin (BioRad, Hercules, CA) packed on top of a C18 StageTip Frit. Residual borate was removed by the addition of methanol (ϫ3) and drying under vacuum. The glycans were further purified by tips using porous graphitised carbon slurry manually packed onto C18 StageTip Frits as previously described.
PGC-LC-ESI-Ion Trap MS and MS/MS-
The N-were resuspended in 10 l of milli-Q water and subjected to PGC-LC-ESI MS/MS separation and analysis using an Agilent 1100 capillary LC (Agilent Technologies, Santa Clara, CA) and analyzed using an Agilent MSD, threedimensional Ion-trap XCT mass spectrometer coupled to the LC. Separation was performed on a Hypercarb Porous Graphitized Carbon column (PGC, 3 m particle size, 100 ϫ 0.18 mm, Hypercarb, Thermo Scientific). N-linked glycan alditols were separated across an 85 min gradient with a constant flow rate of 2 l/min using a linear gradient up to 45% (v/v) CH 3 CN in 10 mM NH 4 HCO 3. ESI-MS was performed in negative ion mode with two scan events; MS full scan with mass range 100 -2000 m/z and data dependent MS/MS scan after collision-induced dissociation (CID) of the top two most intense precursor ions.
MALDI-MSI Analysis of N-glycans Released In Situ From FFPE Tissue Sections-
Tissue Section Antigen Retrieval-Tissue sections were re-hydrated using a standard procedure for citric acid antigen retrieval (CAAR) (34) . Briefly, the tissue sections were heated at 60°C for 1 h over a heatblock; washed in 100% xylene (2 ϫ 5 min) and 100% ethanol (2 ϫ 2 min). Sections were washed in 10 mM NH 4 HCO 3 (2 ϫ 5 min) followed by a 10 min incubation in boiling 10 mM citric acid (pH 6.0) and then by heating at 98°C for 30 min on a heating block. Finally, tissue sections were immersed twice in 10 mM NH 4 HCO 3 (1 min) and dried at room temperature in a humid chamber.
In Situ PNGase F Digestion and Matrix Deposition-Neat PNGase F enzyme (40 l) spotted onto a nitrocellulose membrane and drop dialyzed against water for 2 h at room temperature. NH 4 HCO 3 (25 mM, pH ϳ8.2) was added to the dialyzed PNGase F to a total volume of 200 l and the PNGase F was printed onto retrieved tissue sections (15 nL at 250 m spacing) using a ChIP-1000 (Shimadzu, Japan). Buffer control arrays (25 mM NH 4 HCO 3 ) were printed using the same conditions on adjacent sections. Tissue sections were incubated overnight at 37°C in a humid chamber and GLY3 standard was manually spotted (0.5 l) on an adjacent section. DHB (20 mg/ml) in 0.1% (v/v) TFA and 1 mM NaCl was sprayed onto prepared tissues using a TM-sprayer. Instrument specific settings: 16 passes, 0.05 ml/min flow rate, 4 psi N 2 pressure, 65°C capillary temperature, 800 mm/min.
MALDI-TOF/TOF Mass Spectrometry and Histological
Staining-MS data was acquired using an ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics) controlled by flexControl (v3.4, Bruker Daltonics) and flexImaging (v4.0, Bruker Daltonics). Instrument-specific settings were as follows: 800 -4500 m/z range, 700 Da matrix suppression, 2 kHz laser repetition rate and 2.5 GS/s. Methodspecific settings were as follows: 75% laser power and 2698 V detector gain. A total of 1000 shots were acquired at each position with no walk. Data was acquired by oversampling from an arbitrary array with center to center acquisition distance of 100 m overlaid onto the 250 m PNGase F array. The MALDI-TOF/TOF instrument was externally calibrated using the included GLY3 standard spots prior to MALDI imaging.
Following analysis, DHB matrix was eluted using 70% EtOH and tissue sections were hematoxylin and eosin (H&E) stained as described previously (34) .
Data Analysis-MALDI-MSI data was analyzed by SCiLS Lab (version 2014a, SCiLS, Bruker Daltonics). Raw data was loaded and reduced to 50,000 points per spectrum. Data was preprocessed by baseline subtraction and normalization to total ion current (TIC). Peaks were picked, aligned and the preprocessed data was used to generate log ion intensity maps. These log ion intensity maps were weakly denoised with automatic hotspot removal. Data analysis of the LC-ESI-MS/MS data was carried out in ESI-Compass 1.3 (Bruker Daltonics, Bremen, Germany).
RESULTS
In this study, we employed the N-linked glycan mass spectrometry imaging technique that we have previously established (34) . Briefly, the method combines released N-glycan MALDI-MSI of FFPE tissue with parallel detailed N-glycan structural characterization by negative ion PGC-LC-ESI- MS/MS (36) . The N-glycan analysis was applied to FFPE sections of the ovarian tissue from three FIGO stage III ovarian cancer patients labeled P1, P2 and P3. Fig. 1 shows hematoxylin and eosin (H&E) stains for tissue sections from patients P1, P2, and P3. We initially characterized the N-glycans of whole tissue sections in detail using negative ion mode PGC-LC-ESI-MS/MS to construct a repository which could be used for assigning a glycan structure to the corresponding glycan masses from spatially localized MALDI-MSI data. N-glycan structures were manually assigned via the following steps: (1) The monosaccharide composition was deduced based on the mass of the released N-glycan masses (using GlycoMod http://web.expasy.org/glycomod/) (36) whereas structures, where shown, were deduced by interpretation of the MS 2 fragments and biological pathway constraints, (2) massmatching of theoretical fragment mass ions produced by tandem MS for each structure, (3) use of diagnostic fragment ions in negative ion mode that have been previously reported for the identification of specific glycan structural features (19, 37, 38) , and (4) known expression of glycans based on biological pathway constraints. A representative summed negative mode MS profile of patient P1 with assigned glycan structures is shown in Fig. 2 .
In total, 40 individual N-glycan masses (including structural and compositional isomers) were detected across the whole FFPE sections from in-solution enzyme release of the Nglycans from a whole FFPE ovarian tissue section (see Table  I ). These N-glycan classes included high mannose, core fucosylated, hybrid and complex (neutral and sialylated). Sialylated N-glycans were further classified based on the number of sialic acid residues, in which mono-, di-and tri-sialylated 3 . MALDI mass spectrometric imaging of N-linked glycans released from patient P1 ovarian cancer tissue sections. Formalinfixed paraffin-embedded ovarian cancer tissue sections were treated with antigen retrieval prior to printing of 15 nL/spot dialyzed PNGase F or buffer control arrays with 250 m spacing. DHB (20 mg/ml) was sprayed onto the sections and MS spectra were acquired by oversampling at 100 m intervals using a MALDI-TOF/TOF MS instrument. Monoisotopic glycan masses were measured in the positive ion reflectron mode as (MϩNa) adducts. Panel A shows the log ion intensity map for the m/z 933.3 of a pauci mannose structure was observed to be localized and relatively highly expressed in the adipose tissue region of the FFPE tissue. The agalactosylated bisecting structure of m/z 1339.4 was observed only in the necrotic tissue of the sample P1. 2-6 sialic acids were differentiated based on the chromatographic behavior and retention times of previous studies (31, 38, 39) . Detailed structural characterization of the N-glycans was carried out by tandem MS fragmentation analysis. Examples of the collision-induced dissociation (CID) fragmentation of N-glycans in negative mode analysis characterized in this study is described using two examples in supplemental Fig.  S2 for glycan masses of (1) m/z 693.3 2Ϫ and (2) m/z 832.8 2Ϫ . For MALDI imaging analysis, duplicate FFPE ovarian tumor sections of each patient (P1, P2 and P3) were then prepared for N-glycan MALDI-MSI by antigen retrieval and PNGase F printing onto the tissue sections followed by overnight incubation at 37°C and spray deposition of DHB.
TABLE 1 N-glycan structures assigned by PGC-LC-ESI-ion trap MS/MS. N-glycan structures found in formalin-fixed paraffin-embedded ovarian cancer tissue (P1 and P2) by PGC-LC-ESI-MS/MS (singly negatively charged monoisotopic masses ( ͓M-H͔
Intensity ion maps for the three FFPE samples (P1, P2, P3) of the glycan masses detected (Table I) in the LC-ESI-MS analysis were constructed. Representative ion intensity maps of the positive ion monoisotopic masses of the tissue sections are shown in Figs. 3, 4 , and 5. The spatial distribution and localization of these structures were observed to be class dependent. For example, the adipose tissue region corresponded to the location of the pauci-mannose glycan (Man) 3 (GlcNAc) 2 of mass m/z 933.3 in all patient samples (Fig.  3A, 4A, 5A) . Similarly, all high mannose glycans were significantly abundant in the tumor region across the three samples (Fig. 3B, 4B, and 5B) corresponding to glycan masses of m/z 1257.4, 1419.4, 1581.5, 1743.4, and 1905.6. Although complex bi-antennary and tri-antennary antennary structures were abundantly observed in the stromal region (masses m/z 1501.5, 1663.5, 1485.4, 1809.6, 1647.6, 1850.6, 2012.7, and 2174.7 (Fig. 3C, 4C , and 5C), mono and di-sialylated structures (m/z 1954.6, 2245.7, 2100.7, and 2391.8) were observed as sodiated adducts as shown in Fig. 3D, 4D , and 5D, predominantly in the stromal region, although traces of these species were also observed in the tumor regions.
The In situ PNGase-F released N-glycans were easily able to discriminate these four tissue-types by single unique glycan masses; for example, four distinct N-glycan masses that are representative of different glycan classes discriminated the four different tissues within the FFPE section as shown in Fig. 6 . The log ion intensity map for the m/z 1339.4 corresponding to the agalactosylated bi-antennary glycan (GlcNAc) 2 ϩ (Man) 3 (GlcNAc) 2 was observed to be localized and relatively highly abundant only in the necrotic region of the FFPE tissue section (Fig. 6C) . On the other hand, the mass m/z 2175.5 corresponding to a complex fucosylated tri-antennary structure ((Gal) 3 (GlcNAc) 3 (Fuc) 1 ϩ (Man) 3 (GlcNAc) 2 ) was observed predominantly in the stroma region. The adipose tissue region was demarcated solely by the mass of the of the pauci-mannose glycan (Man) 3 (GlcNAc) 2 of mass m/z 933.3 (Fig. 6A) . Importantly, the high mannose mass of m/z 1743.5 ((Man) 5 ϩ (Man) 3 (GlcNAc) 2 ) was indicative of the tumor region (Fig. 6B) .
Statistical analysis by receiver operating curve (ROC) analysis and determination of the area under the ROC curve (AUC), was carried out to determine the specificity and sensitivity of using these N-glycans as potential discriminators of different tissue types. The AUC value from the ROC test is indicative of the diagnostic value of a specific indicator; specifically by a plot of sensitivity (i.e. the true-positive rate) versus specificity (i.e. the false-positive rate). The four glycan masses used to discriminate the different tissue regions observed in Fig. 6 (masses m/z 1339.4 , 2175.5, 1743.5, and 933.3) showed high AUC values between 0.84 to 0.99 (Fig. 7) , confirming their potential power as discriminators between tumor, stromal, adipose, and necrotic tissue regions.
A data-driven approach was also implemented to discover whether glycan structural data alone can be used to define tissue morphology. To achieve this, the MALDI imaging data spectra were loaded into SCiLS Lab 2D software (version 2014a, SCiLS GmbH), which provides computational methods to analyze MALDI imaging datasets. A key feature of this software is spatial segmentation which allows whole spectra with similar features (i.e. peaks) to be clustered and thereby define regions in the tissue containing similar features. The segmentation map for the entire data set of patient P1 as shown in Fig. 8 discriminates between tumors (dark blue), stromal (light blue) and adipose (orange) of the sections at the segmentation levels selected (see insert). The segmentation map illustrates the potential that glycans possess in distinctly segmenting a histologically complex tissue section, and also highlights the heterogeneity of cancer tissue samples.
This striking tissue segmentation map demonstrates the potential to use individual N-glycan masses to identify specific tissue regions, however the summed mass spectra from the different tissue regions could also be used as a massspectral pattern to identify and discriminate unique tissue regions as shown in supplemental Fig. S3 . Using a series of masses with distinctive relative intensities as observed in the summed mass spectra in supplemental Fig. S3 , could increase the sensitivity and facilitate high throughput analysis through complex pattern matching algorithms. relates to molecular changes in the glycosylation machinery. Cancer cells frequently display glycans at different levels or with fundamentally different structures than those observed from normal cells (10) . There are several advantages offered by the analysis of these post-translationally added glycans, because aberrant glycosylation affects several glycoproteins simultaneously and is therefore an amplified effect that may be easily distinguished compared with other biomolecules. This is clearly demonstrated in this study, where the observation of significant abundances of the entire class of highmannose N-glycans is apparent specifically in the tumor tissue of all three patients. This high abundance localization of the early products of the N-glycan biosynthetic pathway specifically in the tumor may reflect the incomplete time for processing of the structures in the rapidly dividing cancer cell environment.
MALDI-MS is known to result in a loss of sialylation of glycan species. This limitation for the measurement of sialylated N-glycans by MALDI-MSI is confirmed by this study where the sialylated species were observed in negative ion mode by ESI and CID fragmentation whereas MALDI-MSI in the positive ion mode had few sialylated species detected. The masses of the low abundance sialylated species that were detected in the MALDI-MSI analysis corresponded to multiply sodiated adducts. The prominence of sialyated glycans in these samples and their isomeric differentiation observed by PGC-LC-ESI-MS illustrates the need in the future development of this technique for the use of derivatization techniques for MALDI-MSI analysis of these labile glycans (40) or by optimization of MALDI-MSI analysis in the negative ion mode that protects the sialylation. Very recently Holst et al., have demonstrated a promising linkage-specific in situ sialic Acid derivatization for N-Glycan mass spectrometry imaging of formalin-fixed paraffin-embedded tissues (41) .
Through the combination of detailed structural characterization by negative mode PGC-LC-ESI-MS/MS analysis and positive mode high resolution MALDI-MSI, we were able to differentiate tumor from non-tumor tissue regions in three ovarian cancer FFPE tissue sections by using only 4 masses corresponding to four specific N-glycan structures that are representative of different N-glycan classes. Distinct N-glycans were identified that were consistently able to differentiate between the tissues across biological samples. Surprisingly, specific single glycan masses were able to discriminate between necrotic, tumor, adipose and stromal tissue regions. The N-glycan based tissue differentiation observed in this study offers a unique advantage in analysis of ovarian cancer. The results from this study indicate that the location, diversification or classification of the various ovarian cancers and their subtypes could be made possible by high resolution MALDI-MSI aided by structural characterization of the implicated glycan structures by PGC-LC-ESI-MS/MS analysis.
The increase in high mannose structures have been previously reported in breast cancer progression in mouse models, colorectal cancer cell lines and hepatocellular carcinoma, among others (42) (43) (44) . The increased expression of highmannose glycans could suggest a premature termination of the glycosylation pathway during glycan synthesis. Although we observed some sialylation in the tumor region, it was considerably lower than that of the underlying stroma. It would be of interest to compare the sialylation of ovarian tumor region with its health counterpart.
The need to constantly improve and advance MALDI-MSI is also evident from this study. The PGC-LC-ESI-MS analysis revealed several N-glycans, specifically the sialylated and highly branched structures, which were not detected using the MALDI-MSI technique. There is also a need to further optimize and improve the sensitivity of detection for N-glycan MALDI-MSI and extend the detection into the O-glycan space. Although several challenges and limitations are evident, the combination of structural detail from PGC-LC-ESI-MS/MS and spatial localization from MALDI-MSI is a unique tool, is able to be performed with current technologies and offers far more information for distinguishing and classifying tissue compared with the more conventional histopathology staining methods. Formalin-fixed ovarian cancer sections were treated with antigen retrieval prior to printing of (30 nL/position) dialyzed PNGase F or buffer control arrays with 250 m spacing. DHB (20 mg/ml) was sprayed onto the sections and MS spectra were acquired by oversampling at 100 m intervals using a MALDI-TOF/TOF MS instrument. Data was loaded raw into SCiLS, pre-processed for baseline subtraction and normalization to total ion current (TIC) prior to segmentation analysis (maximum processing mode, interval width of 0.5 Da, strong smoothing). The segmentation map for the entire data set of patient P1 discriminates between tumor (dark blue), stroma (light blue), adipose (orange) necrotic (green) and tissue border (brown) of the sections at the segmentation levels selected (see insert). The dendrogram (Fig. insert) shows the number of spectra clustered together for each region.
